Cell death is triggered by mutations in either the cytoplasmic N-or C-terminus of AtMSL10. Our 27 proposed model explains how membrane tension may activate signaling through the interaction 28 of these two domains. 29 30 ABSTRACT 31 Although a growing number of mechanosensitive ion channels are being identified in plant 32 systems, the molecular mechanisms by which they function are still under investigation. 33 Overexpression of the mechanosensitive ion channel MSL (MscS-Like)10 fused to GFP triggers 34 a number of developmental and cellular phenotypes including the induction of cell death, and 35 this function is influenced by seven phosphorylation sites in its soluble N-terminus. Here, we 36 show that these and other phenotypes required neither overexpression nor a tag and could be also 37 induced by a previously identified point mutation in the soluble C-terminus (S640L). The 38 promotion of cell death and hyperaccumulation of H 2 O 2 in 35S:MSL10 S640L -GFP overexpression 39 lines was suppressed by N-terminal phosphomimetic substitutions, and the soluble N-and C-40 terminal domains of MSL10 physically interacted. We propose a three-step model by which 41 tension-induced conformational changes in the C-terminus are transmitted to the N-terminus, 42 leading to its dephosphorylation and the induction of adaptive responses. Taken together, this 43 work expands our understanding of the molecular mechanisms of mechanotransduction in plants. 44 45 KEYWORDS 46
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INTRODUCTION
The MSL family of MS ion channels was first identified based on homology to the canonical MS 84 ion channel from Escherichia coli, Mechanosensitive ion channel of Small conductance 85 (EcMscS) (Pivetti et al., 2003; Haswell and Meyerowitz, 2006; Haswell et al., 2008) . There are 86 ten MSLs encoded in the Arabidopsis thaliana genome, and they are localized to mitochondria 87 (MSL1, Lee et al., 2016) , to chloroplasts (MSL2/3, Haswell and Meyerowitz, 2006) or to the 88 plasma membrane (MSL8, MSL9 and MSL10, Haswell et al., 2008; Hamilton et al., 2015) . The 89 tension-gated ion flux of MSL1, MSL8, and MSL10 have been examined by single channel 90 patch-clamp electrophysiology (Maksaev and Haswell, 2012; Hamilton et al., 2015; Lee et al., 91 2016) . MSL2/MSL3 and MSL8 are thought to serve as osmotic safety valves in plastids and in 92 pollen, respectively (Veley et al., 2012; Hamilton et al., 2015) . MSL1 plays a poorly understood 93 role maintaining redox homeostasis in mitochondria (Lee et al., 2016) . 94 95 While MSL10 was the first in the family to be characterized by electrophysiology, its 96 physiological function is still under study. To date, no visible loss-of function phenotypes have 97 been reported in msl10-1 null mutants (nor in double msl9-1 msl10-1 mutants, where MSL10's 98 closest homolog MSL9 is also ablated). Overexpression of MSL10-GFP results in growth 99 retardation, ectopic cell death, constitutive production of H 2 O 2 , and induction of genes involved 100 in ROS accumulation, senescence, and abiotic and biotic stress responses (Veley et al., 2014) . 101
These gain-of-function phenotypes can be attributed to a single domain of MSL10, the soluble 102 N-terminus; in a transient Nicotiana benthamiana expression system, this domain can induce cell 103 death on its own (Veley et al., 2014) . In another study, we showed that variants of MSL10-GFP 104 harboring pore-blocking lesions also induce cell death in this system (Maksaev et al., 2018) . 105
None of the phenotypes associated with MSL10-GFP overexpression are observed in plants 106 overexpressing a version of MSL10-GFP harboring four phospho-mimetic substitutions in the N-107 terminus (MSL10 S57D, S128D, S131E, T136D -GFP, or MSL10 4D -GFP), though this variant has MS ion 108 channel activity, protein levels, and subcellular localization indistinguishable from the wild type 109 (Veley et al., 2014) . 110 111 Thus, dephosphorylation of the MSL10 N-terminus activates MSL10-GFP to trigger cell death 112 when overexpressed in Arabidopsis or in N. benthamiana. Ion flux through the channel pore, 113 however, is not required. We infer that under normal conditions, MSL10 remains in its inactive 114 5 state (i.e. with a phosphorylated N-terminus), and that overexpression overwhelms the kinase 115 that normally maintains it in its inactive form, thereby triggering a cell death signaling cascade. 116
It has been shown that the opening of EcMscS is accompanied by structural rearrangement of the Backcrosses and outcrosses were made through standard techniques and genotyped with PCR-161 based markers. The MSL10-GFP overexpression lines are described in an earlier study (Veley et 162 al., 2014) . 163
164
Genotyping 165 DNA was extracted by grinding tissue in extraction buffer (200 mM Tris-HCl pH 7.5, 250 mM 166 NaCl, 250 mM EDTA, 0.5% SDS) and precipitating with an equal volume of isopropanol. The 167 msl10-3G/rea1 allele was genotyped by amplifying the genomic region surrounding the point 168 mutation using gene specific oligos listed in Supplemental Table 1 followed by digestion with  169 TaqI . restriction enzyme (NEB), which only digests the wild-type MSL10 gene. PCR 170 genotyping of msl10-1 and msl9-1 alleles was performed as described (Haswell et al., 2008 MSL10g 7D constructs were generated in a single reaction using a two-fragment Gibson 181
Assembly, using Gibson Assembly NEB Mix and overlapping primers following manufacturer's 182 recommendation (Thermo Fisher Scientific). The assembled plasmids were then recombined into 183 pBGW destination vectors by LR recombination. All primers used for Gibson cloning are listed 184
in Table S1 . For generating constructs for conditional expression of MSL10 and its phospho- in Table S1 . 211 212 Immunodetection 213
Total proteins were extracted from non-chlorotic leaves of three-week-old plants as described 214 (Veley et al. 2014) . Proteins samples were resolved by 10% SDS-PAGE and transferred to 215 polyvinylidene difluoride membranes (Millipore) for 16 h at 100 mA. Transferred proteins were 216 probed with anti-tubulin (Sigma, 1:10,000 dilution) and anti-GFP (Takara Bio, 1:5,000 dilution) 217 antibodies with incubation for 1 h and 16 h, respectively. After incubation for 1 h with 218 horseradish peroxidase-conjugated anti-mouse secondary antibodies (1:10,000 dilution; 219 Millipore). Detection was performed using the SuperSignal West Dura Detection Kit (Thermo 220 Hydrogen/Peroxidase Assay Kit (Molecular Probes, Invitrogen) was used, following the 240 manufacturer's instructions and as described in (Wilson et al., 2016) . 241
Split-Ubiquitin Yeast two hybrid assay (mbSUS) 243
Intramolecular interactions between variants of the MSL10 N-and C-termini were determined 244 using the mating-based split-ubiquitin system as described (Obrdlik et uracil, respectively. Similar to pXNGate21-3HA, N-terminus of MSL10 was also cloned into 259 pXNGateWT (a positive control for interaction with Cub) and transformed in yeast strain 260 THY.AP4. Diploid cells were generated by mating for two days on Synthetic Complete media 261 lacking Leu, Trp, and Ura. After three days of growth on Synthetic Minimal media, the strength 262 of interaction between the Nub and Cub fusions were quantified by in diploid cells using a 263 colorimetric reporter assay with CPRG, a chlorophenol red-β-D-galactopyranoside as its 264 substrate. All the yeast vectors were obtained from Arabidopsis Biological Resource Center. The 265 PCR primers used for creating constructs for mbSUS assay are listed in Table S1 . All the yeast 266 vectors were obtained from Arabidopsis Biological Resource Center. Clonase. The PCR primers used for cloning of BiFC constructs are listed in Table S1 . In all 273 cases, MSL10 fragments were tagged at the C-terminus. These plasmids were introduced into 274
Agrobacterium strain GV3101 and pairwise combinations were co-infiltrated into 4-to 6-week-275 old N. benthamiana leaves as described (Waadt and Kudla, 2008 The rest of the genes referred to in this study correspond to the following Arabidopsis Genome 293 Initiative locus identifiers: MSL9 (At5G19520), MSL10 (At5G12080), RAP2.6 (At1g43160), AOS 294
Conservation of functionally significant residues in the soluble N-and C-terminal domains 300 of putative MSL10 orthologs 301
We investigated the conservation of eight residues previously identified as important for MSL10 302 function: seven phosphorylation sites in the soluble N-terminus (S29, S46, S48, S57, S128, 303 S131, and T136; and a C-terminal amino acid that is mutated in the rea1 mutant (S640, Zou et 304 al., 2015) ( Figure 1A) . The predicted N-terminal domains of putative MSL10 homologs from 305 other flowering plants showed surprisingly low sequence conservation. However, when analysis 306 was restricted to the Brassicacae family, the 33-amino-acid region containing S29, S46, S48 and 307 S57, and the 15-amino-acid region containing S128, S131, and T136 showed 73% amino acid 308 identity with the Brassica napus homolog (Figure 1B) . The sequence of the MSL10 C-terminus 309 surrounding S640 was highly conserved among angiosperms (90% amino acid identity with the 310 putative homolog from B. napus, 60% identity with that from Oryza sativa), and S640 itself was 311 conserved in 11 of the 15 sequences analyzed (Figure 1C) . To summarize, phosphosites in the 312 soluble N-terminus known to modulate the MSL10-GFP overexpression phenotype were not 313 well-conserved, while S640, a residue in the soluble C-terminus known to affect MSL10 314 function, was well-conserved among the sequences analyzed. 315 316 rea1 is a recessive gain-of-function MSL10 allele, renamed msl10-3G 317
To further characterize the rea1 allele, we backcrossed rea1 plants to wild type Col-0 plants. As 318 shown in Figure S1A , the resulting F1 hybrid plants resembled the wild type parent, indicating 319 that the mutation responsible for the phenotypes observed in the rea1 mutant is recessive, 320 consistent with previous findings (Zou et al., 2015). After self-pollination, the resulting F2 321 population segregated into wild-type and rea1 phenotypes at a ratio of 3:1, as expected for a 322 recessive allele, and these results were confirmed by PCR genotyping (Figure S1C ). In addition, 323 rea1 plants were outcrossed to msl10-1 null mutant plants. The F1 progenies resembled rea1 in 324 terms of leaf morphology but attained intermediate height after 8 weeks of growth ( Figure S1B) . 325
After self-pollination, resulting F2 populations similarly segregated approximately 1:2:1 with 326 respect to height at late stages of development (wild type like: intermediate: rea1 phenotype); 327 phenotypes were confirmed by PCR genotyping (Figure S1C) . Thus, the phenotypic effects of 328 the rea1 lesion depend on the presence or absence of the WT MSL10 allele, suggest that they 329 may be dosage-dependent (as it requires two copies of the real1 mutant allele to generate the full 330 13 rea1 phenotype), and confirm that the phenotypes associated with the rea1 mutant are due to a 331 recessive gain-of-function point mutation in the MSL10 gene. This allele is hereafter called 332 To determine if the phenotypes associated with MSL10-GFP overexpression could be replicated 348 at endogenous expression levels and without a GFP tag, we generated constructs to drive 349 expression of untagged wild-type MSL10 (MSL10g), phospho-dead MSL10 S29A, S46A, S48A, 350 S57A, S128A, S131A, and T136A (MSL10g 7A ) or phospho-mimetic MSL10 S29D, S46D, S48D, 351 S57D, S128D, S131E, and T136D (MSL10g 7D ), within the native MSL10 genomic context. 352
These constructs were introduced into the msl10-1 null mutant background and three 353 independent homozygous transgenic lines from each transformation were selected for further 354 analysis. These lines accumulated MSL10 transcripts at levels similar or slightly higher than 355 those of wild-type plants (Figure S2A) . Like the MSL10-GFP overexpression lines, the msl10-3G mutant and three MSL10g 7A lines all 359 exhibited reduced rosette size, fresh weight and plant height compared to wild-type (Figure 1D , 360 S2B-D). Four-to five-week-old plants from these same lines also exhibited shorter petioles and 361 broader leaf blades compared to wild-type plants (Figure 1E, S2E-F) . Unlike MSL10-GFP 362 overexpression lines, the msl10-3G mutant and MSL10g 7A lines lacked apical dominance (Figure  363   S2G) . The msl10-1 null mutant and msl10-1 mutants expressing MSL10g or MSL10g 7D were 364 phenotypically indistinguishable from wild-type plants. MSL10g 7D lines did not exhibit statistically significant differences in expression of any of these 378 genes compared to wild-type plants. We also observed ectopic cell death and a similar induction 379 of SAG12, DOX1, OSM34 and PERX34 in response to inducible expression of wild-type and 380 phospho-dead (but not phospho-mimetic) MSL10 (Figure S3) . We interpret these data to mean that high levels of wild-type MSL10, basal levels of MSL10 that 407 is dephosphorylated at the N-terminus, or basal levels of MSL10 harboring the S640L lesion all 408 lead to a set of pleiotropic phenotypes through the same, as yet unknown, molecular mechanism. 409 A lack of MSL10-specific antibodies prevented us from measuring protein levels in untagged 410 lines, so it is formally possible that MSL10 phospho-dead lesions or the S640L lesion alter 411 protein stability in the absence of a GFP tag. However, these lesions do not alter stability when 
Phospho-mimetic lesions in the MSL10 N-terminus suppress msl10-3G phenotypes 415
Given that mutations in the N-terminus (MSL10g 7A ) and the C-terminus (msl10-3G) produce 416 similar phenotypes, we tested for a genetic interaction between these two soluble domains. The 417 msl10-3G (S640L) mutation was introduced into the 35S:MSL10-GFP and 35S:MSL10 7D -GFP 418 transgenes to make MSL10 S640L -GFP and MSL10 7D,S640L -GFP. As expected, overexpression of 419 MSL10-GFP and MSL10 S640L -GFP lead to growth retardation, ectopic cell death (as assessed by 420 the occurrence of yellowish-brown lesions on rosette leaves and Trypan blue staining), and 421 enhanced H 2 O 2 accumulation in rosette leaves, while overexpression of phospho-mimetic 422 MSL10 7D -GFP did not (Figure 3A) . MSL10 7D,S640L -GFP plants were indistinguishable from wild 423 type or MSL10 7D -GFP plants. Immunoblotting showed that these phenotypic differences cannot 424 be attributed to differences in protein abundance (Figure 3B) , and likely reflect the inability of 425 MSL10 7D -GFP and MSL10 7D,S640L -GFP to activate downstream signaling. Thus, N-terminal 426 phospho-mimetic substitutions prevent or block the phenotypes produced by the C-terminal 427 lesion S640L found in the msl10-3G mutant. 428
The soluble N-and C-termini of MSL10 interact directly in two protein-protein 430 interaction assays 431
To assess whether this genetic interaction between the N-and C-termini of MSL10 might be 432 mediated through physical interactions, we first employed the mating-based split-ubiquitin yeast 433 two-hybrid assay (mbSUS) (Reinders et al., 2002) . We previously showed that MSL10 can 434 interact with itself in this assay, but not with close relative MSL9-as expected for a homomeric 435 channel (Veley et al., 2014) . We repeated these results and further observed that MSL10 does not 436 interact with an unrelated membrane protein, KAT1 (Obrdlik et al., 2004) (Figure 4A) . 437
438
To test for interactions specific to the N-and C-termini, we first split MSL10 into two halves, the 439 first comprising the N-terminal domain and the first four TM helices (MSL10 1-460 ), and the 440 second comprising the fifth and sixth TM helix as well as the C-terminal domain (MSL10 461-734 ). 441
These two halves of MSL10 displayed a strong interaction, providing support for intra-or inter-442 molecular interactions between different domains of MSL10 (Figure 4A) . Furthermore, the 443 soluble N-terminus (MSL10 1-164 ) and the C-terminal half of MSL10 (MSL10 461-734 ) interacted, 444 as did the N-terminal half of MSL10 (MSL10 1-460 ) and its soluble C-terminus (MSL10 553-734 ). 445
This result showed that the middle part of the protein-which contains all the TM helices-is not 446 required for self-association. Almost no interaction was detected between the N-terminal half 447 and itself or between the C-terminal half and itself. None of these interactions were appreciably 448 affected by the presence of the S640L lesion (indicated as MSL10*, Figure 4A ), phospho-mimic 449 or phospho-dead residues (Figure 4B) , nor by any combination of these N-and C-terminal 450 lesions (Figure 4B) . 451
21
To validate these mbSUS interactions, to investigate whether they can occur in planta, and to 453 assess interactions without requiring one partner to be tethered to the membrane, we employed a 454 bimolecular fluorescence complementation (BiFC) assay as described in Gehl et al. Figure S6B ) so we only used the 461 soluble C-terminus (MSL10 553-734 ) in this experiment. Neither the N-terminus nor the C-462 terminus of MSL10 was able to self-associate in this assay, as only patchy, diffuse signal--463 similar to that observed with unfused YN or YC--was observed in these cases. Furthermore, 464 neither of these domains were able to interact with MSL9 or KAT1 (Figure 5, Figure S6A) . First, a suite of phenotypes was produced by overexpression of MSL10-GFP, by native 479 expression of phospho-dead substitutions in MSL10's N-terminus, or by the S640L point 480 mutation in its C-terminus (Figure 1, 2, S2, S3, S4 and S5) . Second, phospho-mimetic 481 substitutions suppressed the effect of S640L when both types of lesions were present in the same 482 monomer (Figure 3) . Third, the soluble N-and C-termini of MSL10 interacted in two protein-483 23 protein interaction assays in a manner independent of phospho-variant mutations or the S640L 484 lesion (Figure 4 and Figure 5) . 485
486
To date, functional characterization of MSL10 has been based on overexpression of MSL10-GFP 487 in N. benthamiana and Arabidopsis (Veley et al., 2014) . Here, we show that two additional types 488 of MSL10 gain-of-function lines (plants expressing endogenous levels of untagged MSL10g 7A or 489 harboring the msl10-3G allele) phenocopy MSL10-GFP overexpression lines, as does inducible 490 overexpression of MSL10 7A (Figure 1, 2, S2, S3) . Thus, the ability of MSL10 to induce growth 491 retardation, ectopic cell death, hyperaccumulation of H 2 O 2 , and the induction of genes related to 492 ROS, and cell death does not require overexpression or the presence of a tag, and therefore is 493 likely to be related to the normal function of MSL10. We note that plants overexpressing 494 untagged wild type MSL10 do not show these phenotypes (Zou et al., 2015) . Perhaps, in this 495 context, a large tag improves MSL10 stability. 496
497
We thus hypothesize that the ability to trigger cell death is one of the functions of MSL10. But 498 since ectopic cell death is only seen when endogenously expressed MSL10 is mutated, it could 499 be claimed that the cell death we observe does not reflect of the normal function of MSL10, but 500 rather is a non-specific toxicity associated with overexpression of mutants. The results presented 501 here with the msl10-3G mutation (MSL10 S640L ) show that this is unlikely. First, the MSL10 S640L 502 mutation does not trigger cell death when the 7D substitutions are introduced into the same 503 monomer (Figure 3A) , which argues against the MSL10 S640L mutation being inherently toxic. 504
Secondly, the msl10-3G allele is recessive (Zou et al., 2015, and Figure S1A) , and therefore is 505 not exerting a general toxic effect. Finally, it is difficult to imagine how lesions in the N-506 terminus, the C-terminus, and overexpression would all have the same non-specific and toxic 507 effect. Our current studies investigate whether increased membrane tension can cause WT 508 MSL10 to trigger cell death, as hypothesized in Figure 6A , to more firmly establish cell death as 509 a function of MSL10. 510 511 MSL10 likely functions as a homo-oligomer similar to EcMscS, a homoheptameric channel 512 (Bass et al., 2002; Sukharev, 2002) . Thus, the interactions we observe between the N-and the C-513 terminus could be between domains on the same monomer, or between domains on different 514 monomers once they are assembled into a channel. To distinguish between these two possibilities 515 will require further study. These interactions occur in the absence of the membrane spanning 516 domains, at least in the transient expression system used for BiFC (Figure 5) . Neither N-terminal 517 phosphorylation status nor the C-terminal lesion S640L had any impact on the self-association of 518 MSL10 in either BiFC or mbSUS assays, suggesting that this is a stable interaction and is not a 519 regulated step in the activation of MSL10 (Figure 4, 5) . 520 521 Based on these results, we propose a three-step model for MSL10 activation, illustrated in 522 In the case of MSL10-GFP overexpression (Figure 6B) , we propose that the appropriate kinase 535 is not sufficient to maintain the N-terminus in its dephosphorylated form, leading to the 536 accumulation of phosphorylated MSL10-GFP and constitutive activation of the cell death 537 signaling pathway. Phospho-dead versions of MSL10 (MSL10g 7A ) are constitutively active and 538 do not require added tension; conversely, phospho-mimetic version of MSL10 (MSL10g 7D ) are 539 maintained in an inactive state (Figure 6C) . As for plants harboring the MSL10 S640L -GFP 540 transgene or the msl10-3G mutant (Figure 6D) , the S640L mutation may mimic the 541 conformational change that occurs during opening of the channel, bypassing the normal 542 activation of signaling by membrane tension and leading to constitutive activation. Alternatively, 543 S640L may alter the tension sensitivity or conductivity of MSL10. This effect, however, is 544 blocked by the presence of N-terminal phospho-mimetic substitutions, as shown in plants 545 25 constitutively expressing MSL10 7D, S640L -GFP. Thus, this three-step model is sufficient to explain 546 the phenotypic and genetic interaction data documented above. 547
548
In summary, our three-step model for MSL10 activation, which involves an intra-and/or 549 intermolecular interaction between the soluble N-and C-termini of MSL10, explains the 550 phenotypic similarity shared by plants overexpressing MSL10-GFP, expressing the MSL10 7A 551 transgene, or harboring the msl10-3G allele. These results begin to build the groundwork for 552 future investigations into the molecular mechanism by which the mechanosensitive ion channel 553 , N., Nikolaev, Y. A., Bavi, O., Ridone, P., Martinac, A. D., Nakayama, Y., Cox, C 
